We developed a decarboxylative aldol reaction using a,a-difluoro-b-ketocarboxylate salt, carbonyl compounds, and ZnCl 2 /N,N,N 0 ,N 0 -tetramethylethylenediamine. The generation of difluoroenolate proceeded smoothly under mild heating to provide a,a-difluoro-b-hydroxy ketones in good to excellent yield (up to 99%). The a,a-difluoro-b-ketocarboxylate salt was bench stable and easy to handle under air, which realizes a convenient and environmentally friendly methodology for synthesis of difluoromethylene compounds.
Introduction
Organic molecules containing a diuoromethylene group are particularly useful in medicinal chemistry.
1 Among these, a,adiuoroketones show a variety of bioactivities such as cholesterol-lowering, analgesic, and GABA B agonist activities (Fig. 1) .
2 Thus, simple and mild strategies for accessing a,adiuoroketone substructures should be useful for developing new therapeutic candidates.
a,a-Diuoroenolate plays a key role in the construction of CF 2 -carbon bonds and many synthetic routes have been reported based on this nucleophilic synthon, including a metalmediated Reformatsky reaction of halodiuoromethyl ketone (Scheme 1, eqn (a)), 3 a Lewis acid-catalyzed aldol reaction of diuoroenol O-Boc esters (Scheme 1, eqn (b)), 4 a coppercatalyzed reaction of a,a,a-triuoromethylketones via b-uoro elimination (Scheme 1, eqn (c)), 5 a one-pot reaction of acylsilanes and triuoromethyltri-methylsilane (TMSCF 3 ) with aldehydes (Scheme 1, eqn (d)), 6 an aldol reaction of halodiuoromethyl ketone via reduction of halogen process by lithium triethylborohydride (Scheme 1, eqn (e)), 7 and a detriuoroacetylative aldol reaction of triuoromethyl a,a-diuoro-b-keto gem-diols (Scheme 1, eqn (f)).
8 In the course of these studies, decarboxylation of b-keto acids is a mild and convenient method for providing the corresponding enolate and is an environmentally friendly system. 9 Wennemers has reported the rst decarboxylative process for the preparation of uorinated enolate using uoromalonic acid halhioesters (F-MAHT). 10 Recently, two groups have reported the synthesis of a,adiuoro-b-hydroxy ketones using 2,2-diuoro-3-oxo-3-phenylpropanoic acid (1). The rst route was based on an aldol reaction of 1 with aldehydes under metal-free conditions, from the Mao group.
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The other route involved copper-catalyzed diuoroalkylation of aromatic aldehydes using 1 from the Mai group. 12 However, the former reaction needed relative long reaction times and a high reaction temperature (100 C). In the latter reaction, the scope of aldehydes was limited and only aromatic aldehydes were suitable for the transformation. In this paper, the simple potassium 2,2-diuoro-3-oxo-3-phenylpropanoate (2a) was used as a precursor of diuoroenolate for the decarboxylative aldol reaction with carbonyl compounds under mild reaction conditions.
Results and discussion
We used a potassium salt of a,a-diuoro-b-keto acid 1 (2a) as a model precursor of diuoroenolate to examine the decarboxylative aldol reaction with benzaldehyde (3a). The model substrate 2a was synthesized as following 3 steps (Scheme 2);
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Honda-Reformatsky reaction of ethyl bromodiuoroacetate with 3a gave b-hydoroxy-a,a-diuoroacetate 4a, then 4a was oxidized to b-keto-a,a-diuoroester 5a by TEMPO oxidation. The saponication of b-ketoester 5a gave rise to the potassium carboxylate 2a. The substrate 2a was isolated easily by ltration from the reaction mixture as a non-hygroscopic compound which enabled easy handling even under air atmosphere. Another substrate 1 was obtained by the acidied of 2a and was used to the desired reaction without purication. The results for the decarboxylative aldol reaction of 2a and 1 are summarized in Table 1 . To examine decarboxylation under mild heating (50 C) efficiently, ZnCl 2 was used as an acceptor of the enolate (Table 1 , entry 1). The reaction of 2a provided the desired product in low yield (20% yield). In the case of using carboxylic acid 1, only trace amounts of the desired product 6aa were obtained (entry 2). To improve the yield of 6aa, the reaction temperature was elevated to 80
C and a moderate yield of product was obtained (60%, entry 3). The current screening of the reaction conditions was performed in dry THF (entries 1-3). Using wet THF in this system, we observed a considerable improvement of the yield of 6aa. Thus, when an equimolar amount of H 2 O for 2a was added to dry THF, the desired product was obtained in 84% yield reproducibly (entry 4). It was important to use ZnCl 2 in the current system and a lower yield of 6aa was observed in the absence of ZnCl 2 (entry 5). To evaluate the effects of the metal, other Lewis acids, including boron and ytterbium, were examined (entries 6-8). Zinc metal was shown to be the most effective and the bench stable reagent ZnCl 2 N,N,Nʹ,Nʹ-tetramethylethylenediamine complex (ZnCl 2 / TMEDA) was the best metal source in this decarboxylative aldol process (Entry 8). ZnCl 2 /TMEDA was commercially available and was easy to handle compared with hygroscopic ZnCl 2 .
14 Further optimization of the reaction conditions showed that the 1.2 equivalent of 2a and ZnCl 2 /TMEDA provided a 98% yield of 6aa (entry 9). 15 Among the solvents tested, THF was the best solvent for this reaction.
16 Furthermore, we examined the effects of the addition of water using dry THF solvent. Under the anhydrous conditions, a lower yield of product was observed (entry 10). When a catalytic amount of H 2 O (10 mol%) was added, there was no effect on the yield of product and benzaldehyde was recovered from the reaction mixture aer 5 h (entry 11). Other proton sources such as ethanol and 2,2,2-triuoroethanol were added to the reaction media. However, these additives did not markedly affect the yield of 6aa. In these cases (entries 10-13), the decarboxylation of 2a did not occur effectively and a,a-diuoro-b-keto acid (1) was detected in 19 F NMR of the crude reaction mixture. Aer optimization of the reaction conditions for this decarboxylative aldol reaction, various substrates were tested (Table 2 ). Various aldehydes 3 reacted with 2,2-diuoro-3-oxo-3-phenylpropanoate (2a) to provide the desired products in good to excellent yields. Aromatic aldehydes were especially suitable for the reaction (6ab-6al). The electroproperties and positions of the substituents on the phenyl ring of the aldehydes did not affect the yield of the reaction. Among these, the reaction of functionalized aldehydes, such as methoxycarbonyl and cyano groups, also provided the corresponding products (6ag and 6ah) in good yields. However, in the case of 2-pyridinecarboxaldehyde, only 39% of product (6am) was obtained. Furthermore, enolizable aliphatic aldehydes were also tolerated, providing the corresponding aldol products 6an and 6ao in good yields. The scope of the 2,2-diuoro-3-oxo-propanoates (2b-d) was also tested.
17 Both electron-donating (CH 3 O) and electron-withdrawing groups (Cl) on the phenyl ring of the substrate 2 were well tolerated in the decarboxylative aldol process. Furthermore, the aliphatic substrate 2d produced the corresponding product 6da in good yield. For the reaction with ketones, when an excess amount of the ketones was used, the desired products 6ap and 6aq were obtained in moderate yields of 60% and 53%, respectively.
To examine the reaction mechanism, a control experiment was conducted with 2,2-diuoro-3-oxo-3-phenylpropanoic acid (1) and a non-uorinated 3-oxo-3-phenylpropanoic acid (7) under the optimized reaction conditions (Scheme 2, eqn (a) and (b)). The reaction of compound 1 with 3a showed a decrease in the yield of product and a prolonged reaction time, which provided the aldol product 6aa in 77% yield for 19 h under the optimal conditions. However, trace amounts of the aldol product 8 were obtained from a non-uorinated substrate 7 along with a high yield of acetophenone (90% based on 7) via a decarboxylative process. In reports on palladium-catalyzed benzylation reactions of a,a-diuoroketone enolate, Altman suggested that rehybridization of the a,a-diuorinated enolate carbanions from C (sp3) to C (sp2) actually occurs more slowly than for non-uorinated enolates.
17 This report and our results suggest that the a,a-diuorinated enolate from 2a prefers Cenolate form. As a result, the reaction of C-enolate together with the high nucleophilicity led to the aldol product more effectively than a non-uorinated enolate generated from 7. Moreover, when a scrambling experiment of the aldol product 6aa with another aromatic aldehyde 3f was performed under the current reaction conditions (Scheme 3, eqn (c)), no retro-aldol reaction was observed and the scrambling product 6af was not formed.
On the basis of previous works on the synthesis of a,adiuoro-b-hydroxyketones and our experiments, 11,12 a tentative reaction mechanism for this decarboxylative aldol reaction of potassium a,a-diuoro-b-ketocarboxylate (2a) with benzaldehyde (3a) is proposed. First, zinc(II) is accepted by the nucleophilic enolate generated from decarboxylation of 2a. Then, the nucleophilic addition of zinc diuoroenolate to 3a occurred to lead to the formation of aldol alkoxide. Stoichiometric amount of water promotes the protonation of zinc alkoxide for the formation of the product 6aa in the equilibrium of the aldol process.
Conclusions
In conclusion, we have successfully developed a mild decarboxylative aldol reaction for potassium a,a-diuoro-b-keto carboxylate with aldehydes. The reaction is mild, with a reaction temperature below 100 C, and a variety of a,a-diuoro-bhydroxy ketones with biological activity could be obtained in good to excellent yields. Compared with previous methods, the substrates 2a-d used in this reaction are bench stable salts and a broad substrate scope was realized. Now we are investigating an asymmetric version of this decarboxylative aldol reaction.
Experimental
General NMR spectra were obtained from a solution in CDCl 3 using 400 reported as follows: chemical shis, multiplicity (s ¼ singlet, bs
coupling constants (Hz), and relative integration value. HRMS experiments were measured on a double-focusing mass spectrometer with an ionization mode of EI. Melting points were measured uncorrected. All experiments were carried out under argon atmosphere in ame-dried glassware using standard inert techniques for introducing reagents and solvents unless otherwise noted.
Tetrahydrofuran (THF) was purchased from Kanto Chemical Co. Inc. as "Dehydrated". All commercially available materials were used as received without further purication.
General procedure for the decarboxylative aldol reaction
To a dry and argon-ushed reaction vessel, equipped with a magnetic stirrer, were added zinc chloride N,N,N 0 ,N 0 -tetramethylethylenediamine complex (151 mg, 0.6 mmol) and potassium 2,2-diuoro-3-oxopropanoate (2, 0.6 mmol). The solids were suspended in THF (4 mL), then the corresponding The titled product (6ab) was obtained as a colorless liquid in 96% yield (132.9 mg), aer column chromatography on silica gel (AcOEt/hexane ¼ 1 : 9 2,2-Diuoro-3-hydroxy-3-(4-methoxyphenyl)-1-phenylpropan-1-one (6ac). 5 The titled product (6ac) was obtained as a colorless liquid in 98% yield (143.4 mg), aer column chromatography on silica gel (AcOEt/hexane ¼ 1 : 9 2,2-Diuoro-3-hydroxy-1-phenyl-3-(4-(triuoromethyl)phenyl)-propan-1-one (6ad). 18 The titled product (6ad) was obtained as a colorless solid in 97% yield (160.2 mg), aer column chromatography on silica gel (AcOEt/hexane ¼ 1 : 9 2,2-Diuoro-3-hydroxy-3-(4-nitrophenyl)-1-phenylpropan-1-one (6af). 18 The titled product (6af) was obtained as a colorless solid in 96% yield (147.5 mg), aer column chromatography on + 320.0860, found 320.0864. 4-(2,2-Diuoro-1-hydroxy-3-oxo-3-phenylpropyl)benzonitrile (6ah). 18 The titled product (6ah) was obtained as a colorless solid in 79% yield (113.0 mg), aer column chromatography on silica gel (AcOEt/hexane ¼ 1 : 9). mp 94.0-95. The titled product (6ai) was obtained as a colorless liquid in 92% yield (126.9 mg), aer column chromatography on silica gel (AcOEt/hexane ¼ 1 : 9). 2,2-Diuoro-3-hydroxy-3-(2-methoxyphenyl)-1-phenylpropan-1-one (6aj). 4 The titled product (6aj) was obtained as a colorless liquid in 96% yield (139.0 mg), aer column chromatography on silica gel (AcOEt/hexane ¼ 1 : 4 -Diuoro-3-hydroxy-1-phenyl-3-(m-tolyl)propan-1-one (6ak). 18 The titled product (6ak) was obtained as a colorless liquid in 97% yield (133.7 mg), aer column chromatography on silica gel (AcOEt/hexane ¼ 1 : 9 2,2-Diuoro-3-hydroxy-3-(2,4,6-trimethylphenyl)-1-phenylpropan-1-one (6al). 5 The titled product (6al) was obtained as a colorless liquid in 86% yield (130.9 mg), aer column chromatography on silica gel (AcOEt/hexane ¼ 1 : 9 . 3-Cyclohexyl-2,2-diuoro-3-hydroxy-1-phenylpropan-1-one (6an). 4 The titled product (6an) was obtained as a colorless liquid in 82% yield (109.7 mg), aer column chromatography on silica gel (AcOEt/hexane ¼ 1 : 9 2,2-Diuoro-3-hydroxy-1,5-diphenylpentan-1-one (6ao). 18 The titled product (6ao) was obtained as a colorless liquid in 75% yield (108.4 mg), aer column chromatography on silica gel (AcOEt/hexane ¼ 1 : 9 
4).
1-Cyclohexyl-2,2-diuoro-3-hydroxy-3-phenylpropan-1-one (6da). 4 The titled product (6da) was obtained as a colorless solid in 79% yield (106.6 mg), aer column chromatography on silica gel (AcOEt/hexane ¼ 1 : 9). mp 58.0-59. 2,2-Diuoro-3-hydroxy-1,3-diphenylbutan-1-one (6ap). 4 The titled product (6ap) was obtained as a colorless liquid in 60% yield (82.5 mg), aer column chromatography on silica gel (AcOEt/hexane ¼ 1 : 9 
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